Traditional techniques of inclusion size determination are time consuming and cannot be implemented for on-line quality control. With the development of pulse discrimination analysis -optical emission spectroscopy (PDA-OES), the on-line determination of inclusions has become possible. However, PDA-OES measures only the number of inclusions present in the steel irrespective of size. In the present paper, the potential of PDA to determine the inclusion size is evaluated by employing two methodologies: (i) obtaining the average inclusion size by dividing the difference of total and soluble aluminium concentration by the number of Al based inclusions for 200 industrial ULC heats and (ii) measuring the Al concentration for individual peak intensity for specific heats, giving the inclusion size distribution. The methodologies of inclusion size measurement by PDA-OES as well as the possible causes of the discrepancies obtained after comparison with the inclusion extraction technique are explained in detail.
Introduction
The composition, quantity and size distribution of nonmetallic inclusions in steel decides its quality and performance in application. Over the past decade, ultra-low carbon (ULC) steel also referred to as interstitial free (IF) steel have been used in automobile parts because of their excellent formability. However, the high quantity of inclusions, and especially the larger ones, can cause the deterioration of surface properties in ULC steel. In addition to the low C (<30 ppm) and the low N (<30 ppm) requirements for obtaining an extraordinary formability (i.e. free from enameling defects such as carbon boil or fish scale) and providing a non-aging property, a constraint over the maximum inclusion size (<100 μm) is also placed for ULC steels. 1) In ULC steel, after the initial quick decarburization period when C and O are abundantly available, the decarburization rate becomes stagnant after a few minutes in the RH degasser. In order to bring the C down, oxygen has to be injected into the liquid steel to speed up the decarburization reaction. Such oxygen injection contributes to the higher concentration of dissolved oxygen in liquid steel after degassing. Consequently, aluminium addition is necessary for complete deoxidation of the ULC steel. This in turn results in the generation of large number of indigenous Al2O3 inclusions after the deoxidation step at the ladle. However, inclusion agglomeration due to Brownian motion, Stokes collision and liquid steel bath turbulence followed by flotation lead to the inclusion removal. 2, 3) Therefore, the number of inclusions continuously decreases in the ladle-tundish-mold-slab sequence. The cleanliness index of steel is measured by the size, number and distribution of inclusions in the steel. Several characterization techniques have been mentioned in literature 4, 5) for the determination of inclusions in steel. Traditionally, the cleanliness index was measured by means of optical or scanning electron microscopy which is time consuming and therefore, can not be used for on-line measurements. The need of such on-line process control for the production of clean steel has driven the development of PDA-OES technique for rapid determination of micro-inclusion characteristics. With the advent of PDA-OES in the late 1990's, the on-line measurement of inclusions becomes possible. The main advantage of this technique is that, instead of being integrated, the light intensities corresponding to the individual 'single' sparks can be acquired separately. Since each single spark hits a small area of the sample, the individual light components contain information about the material composition of a multitude of such small areas. The pulse height distributions concerning the inclusion specific elements obtained from an iron sample with and without rubbed slag powder were studied to simulate the steel sample with and without inclusions. 12) It is found that the signals derived from the metallic matrix are distributed in a Gaussian plot while the non metallic inclusions cause pulses with higher intensities. The signal intensity of alumina inclusion is proportional to the size of inclusion. 7) The minimum detectable inclusion size diameter that can be detected depends mainly on the soluble Al content in steel and the spark source parameters. 9) The information regarding the development of PDA-OES, its advantages and disadvantages are described in detail in literature. [6] [7] [8] [9] [10] [11] [12] [13] [14] In this paper, we attempted to identify the size evolution © 2011 ISIJ of Al based inclusions in tundish samples in ULC steel with time by means of PDA-OES. The samples taken at the tundish were specifically taken into consideration for three reasons (i) the sampling method at the ladle and tundish is different. (ii) the inclusions in tundish shows much less variation in chemical composition as compared to the ladle sample (iii) the liquid steel bath is less perturbed in tundish as compared to ladle. It can be considered that the inclusion flotation/removal reaches the steady state in the tundish and therefore sampling from the tundish will give a fair indication of the number of inclusions present which would be more reliable for the comparative analysis. The aluminium based inclusion data measured by PDA-OES as well as important process parameters such as sampling time, sampling locations are collected from the steel plant, an integrated steel works for flat steel products. The average inclusion size for tundish samples is estimated from the industrial PDA-OES data of around 200 heats. In general it is more interesting to have a measure of the inclusion size distribution. Therefore, for specific heats, the inclusions size distribution was obtained in two ways: (1) direct measurement after inclusion extraction with the scanning electron microscopy (SEM) and (2) calculation using the intensities of the individual Al peak intensity obtained by the PDA-OES analysis. The average inclusion size and the inclusion size distribution (for the tundish samples) obtained from the PDA-OES data is compared with that measured by inclusion extraction technique and possible causes for the observed discrepancies are discussed in detail.
Experimental Work

Industrial Data
The industrial data from the steel plant was collected over a period of 12 months. The composition of the steel grade analysed is given in Table 1 . The overview of the steelmaking process as well as sampling location and times at which steel samples are taken for PDA-OES analysis is shown in Fig. 1 . The sampling process of the steel is explained in section 2.2.
The PDA data collected for around 200 heats consisted of the total Al, soluble Al and the number of inclusions measured by the PDA-OES. On the basis of these data, the average inclusion size was evaluated for these heats. Several steel samples for inclusion extraction analysis and their individual Al peak intensity values of the 1 400 sparks belonging to specific heats were also collected. The methodologies for the measurement of inclusion sizes by these techniques are described in detail in sections 3.3 to section 3.4.
Sampling
Chemical composition and the number of inclusion measurement by PDA are done from the lollypop steel sample. This sample is usually 80 g of steel. There are various locations and time intervals at which liquid steel is sampled to measure the chemical composition and number of inclusions by PDA analysis. Typically, one sample at the end of RH treatment is taken from the ladle (referred as Ladle) three samples (referred as Tundish-1, Tundish-2 and Tundish-3) are taken from the tundish. The ladle capacity is 300 t and that of the tundish is 80 t. The sampling at tundish is done when the weight of liquid steel in the ladle is around 210 t (Tundish (1)), 150 t (Tundish (2)) and 90 t (Tundish (3)), respectively, during the continuous casting process. While sampling, argon gas is flushed while pushing the sampler through the protective top slag layer and the liquid steel is sucked into the sampler using a pump as the ferrostatic pressure is not sufficient in the tundish while at the ladle; the sampler is pushed through the slag layer and is filled by the ferrostatic pressure. Therefore, the ladle sample is always prone to the entry of slag and or some exogenous inclusions during sampling and is not taken into consideration for the present study. The processing route of ULC steel and the sampling location are shown in Fig. 1 .
PDA-OES Methodology-Inclusion Size Determination
PDA-OES Technique
The PDA analysis on steel samples is carried out with Spark-DAT (Spark Digital Acquisition and Treatment), an option of the Thermo Scientific ARL 4 460 metals analyzer. The acquisition electronics and treatment algorithms are integrated in the instrument and its WinOE software handles Spark-DAT results and is also capable of storing, printing and checking the results against the quality specifications.
The technique is based on modified optical emission spectrometry coupled with equipment for pre-amplification, data acquisition, and data processing. With the application of electrical discharge between the electrode and the steel sample, the spark is generated and material at the surface of the sample is ablated. The ablated matter consists of steel possibly containing an inclusion or several inclusions. Since each single spark hits a small area of the sample, the individual light components contain information about the material composition of such a small area. This enables differences of composition at the microscopic scale to be monitored, for instance, the evaluation of non-metallic inclusions ( Fig. 2(a) ) if one records the light emission of a large number of sparks.
For Spark-DAT analysis, a digital spark source with a frequency of 400 Hz is applied for 4 seconds. The data obtained in the form of pulsograms of intensities is recorded for 1 600 consecutive sparks of whom the first 199 sparks are eliminated to avoid aberrations in the analysis. The area from where the matter is ablated is around 6 mm in diameter and a few microns deep. It makes the PDA-OES a rather volumetric technique. Since majority of the inclusions are in the micrometer range, they are supposed to be ablated within one spark together with steel matrix. The bulk composition analysis is based on element emissions coming from both the inclusion population and the metal matrix. Based on the intensity data, the number of inclusions is determined in the following manner. (5) In the next iteration μ and σ is calculated again for the remaining sparks (i.e. excluding those sparks whose intensities are greater than I* in the previous iteration. Up to ten iterations in this manner, depending upon the I* value, are performed. If the I* value is unchanged for two consecutive iterations, no further calculations are done.
Soluble and Insoluble Aluminium Determination
Single spark pulse height distributions can be satisfactorily approximated by a Gaussian function if the respective element is homogenously distributed within the sample. 14) If there are inhomogeneities such as inclusions in the sample, significant deviations from the Gaussian distribution are observed. The PDA technique can discriminate spectral intensities from Al dissolved in the matrix i.e. the so called soluble Al, and Al concentrated in the inclusions. Thus, it is possible to calculate the proportion of the soluble and insoluble concentration of Al. Based on the knowledge of Al intensity distribution, the portion of the spectral intensities belonging to soluble Al can be estimated from the distribution shape. Then, the ratio of the summed intensities from soluble Al to the sum of all Al intensities is calculated as the F-factor:
Where ΣI soluble Al = sum of all intensities attributed to soluble Al ΣIall = sum of all Al intensities Next, the total Al intensities (ΣI all ) are evaluated against the calibration curve to obtain the total Al concentration (AlT). The calibration curve for Al is shown in Fig. 3 .
The intensity values corresponding to the Al5sd curve (λ = 308.22 nm) is used to determine the total Al (AlT) concentration of the steel sample as this curve is calibrated for higher values of Al concentration (up to 1.65 weight% Al). On the other hand, in order to determine the number of inclusions where the spark intensities are treated individually, the Al7sd curve (λ = 394.40 nm) is used which is more sensitive. But, the Al7sd curve (λ = 394.40 nm) is limited to 0.4 weight% as the highest total Al concentration. The total Al concentration (Al T ) obtained from the calibration curve (λ = 308.22 nm) is multiplied with the F-factor calculated before to estimate the soluble Al (Als) concentration:
Inclusion Size Measurement from the Insoluble
Aluminium and Number of Inclusions After the first 199 sparks, an individual Al peak with an intensity greater than I* is counted as single inclusion. And therefore, it gives quite a few possibilities:
(1) Although the higher intensity indicates a higher localized total concentration of Al, but irrespective of the intensity, each peak is considered as a single inclusion. Generally, NAl-PDA for the tundish samples was found to be less than 3% of the total number of sparks for the majority of the heats (15 to 40 inclusions in 1 400 sparks), therefore, statistically, the chance of having more than one inclusion in a single (2) The higher the intensity, the larger one would expect the inclusion to be. However, a lower intensity does not necessarily reflect a smaller inclusion. In this case, it is possible that the intensity peak is resulting from a complex inclusion whose Al concentration is low. Another possibility for lower intensity is that only a small portion of a large inclusion is ablated in the spark.
As per the inclusion extraction analysis, the inclusions found were mostly alumina in the tundish samples (see section 3.4). Therefore, it was reasonable to assume that all the inclusions in the tundish were alumina. This information was used while calculating the average inclusion size from PDA-OES data. The general practice is to make three burns (measurements) on the milled surface of the steel sample. The average of these three measurements is used to determine the total Al concentration (Al T ), F-factor and number of Al based inclusions (NAl-PDA). The methodology to determine NAl-PDA, AlT, F-factor and soluble Al (Als) is already mentioned in section 3.1. The methodology employed to calculate the average inclusion size in the steel sample is explained with the help of Eqs. (3), (4) As PDA-OES data, gives only the concentration of AlT and Al s , it is important to know the weight of matter ablated in a PDA burn. The quantity of matter ablated in a PDA burn and in a single spark of steel sample which is 1/1 600 th part of PDA burn was calculated on the basis of volume measurement by surface profilometry.
Volume Measurement of the Ablated Matter by
Using Surface Profilometry The volume of the burn was measured by using Wyko NT3300 as shown in Fig. 4 which combines non contact interferometry with advanced automation for highly accurate, fast, 3D surface topography measurements from 0.1 nm up to 2 mm. The total sparking time was 13 seconds for each burn, out of which only the first 4 seconds were used for the PDA analysis. Therefore, the volumes obtained for the five PDA burns were converted into the volume created by the sparking for the first 4 seconds and later multiplied by the density of steel (ρ steel -7.85 gm/cm 3 ) to obtain the weight of the matter ablated in each burn. The weight of the burn was divided by 1 600 to obtain the spark weight which was found to be in the range of 44 ng to 53 ng for the five burns. The average weight of 48 ng of the matter ablated per spark was used further to calculate the weight of inclusion from insoluble Al concentration.
As only 1 400 sparks ablated in the PDA burn were used for the determination of Al T , Al s and N Al-PDA (the first 199 sparks were not considered), therefore the weight of the ablated matter in a PDA burn was taken as 67 200 ng (= 1 400 × 48 ng). This weight of the PDA burn was used to convert the AlT and Als concentration values into the corresponding weights as in Eq. 
Average Inclusion Size
The average inclusion size calculated from the above method for three Tundish samples of about 200 heats is represented in the form of box plot as shown in Fig. 5 .
Box plots are best suitable for summarizing a large amount of data and the box represents the middle 50% of the total data. The size of the box is same for all three samples indicating that average inclusion diameter calculated for 200 heats are in the close range. The box for the Tundish (2) sample lies slightly higher than the Tundish (1) sample while the box for Tundish (3) sample lies slightly higher than the Tundish (2) sample indicating the gradual increase in the average inclusion size. The increase in large sized inclusions can be attributed to the collision and agglomera- tion of several micron sized inclusions which sinter with time and form polyhedral inclusions. 15) In addition to the average inclusion size, it is also important to know the inclusion size distribution of the steel samples. The measurement of individual inclusion size and its distribution for several tundish samples is done in two ways (section 3.3 and section 3.4).
Inclusion Size Measurement from the Individual
Al Intensity Peaks The individual Al peak intensity data along with Al s and AlT of three tundish samples was collected for the specific heats. From the individual Al peak intensity data, the intensities corresponding to the soluble and insoluble Al were determined as in section 3.1. The sum of the intensities corresponding to the total, soluble and insoluble Al versus their respective concentration obeys a linear relationship as the calibration curve (Fig. 3) is linear in the lower concentration range (>0.1 weight%). From the intensity distribution diagram ( Fig. 2(b) ), it can be seen that highest frequency of intensities occurs for the intermediate intensity range. In order to calculate the total Al concentration of individual Al peak intensity, the concentration of soluble Al for a single spark (1/1 600 th part of the PDA burn) was taken the same as that measured for the PDA burn assuming that soluble Al is homogenously distributed in the steel. This assumption is valid for most of the sparks except a few ones whose intensities are attributed to the inclusions. Figure 6 represents a typical Al pulsogram originating from the PDA burn while each intensity peak in the pulsogram originates from a spark. The total Al concentration of the individual peak intensity corresponding to the sparks which lie outside the 3σ, was calculated with respect to the average intensity corresponding to soluble Al (Fig. 6) as given by Eq. 6. gives the total Al concentration (AlT) of one single spark. In general, the total Al calculated consists of insoluble as well as soluble Al. As the concentration calculation was made for those individual sparks which corresponds to insoluble Al, it could be considered that the total Al present inside the spark is all insoluble Al. However, the difference between the volume of a single spark (6.12 × 10 ), is very large. The existence of Ali along with Als in proportion to the spark weight, in one single spark seems more realistic after comparing the volumes of the spark and the average inclusion. Therefore, the total Al concentration calculated for a single spark using Eq. 6 was considered to be consisted of Als and Ali (i.e. AlT = Als+Ali).
The calculation of inclusion size was done in an iterative manner. In the first iteration, the Als concentration which was assumed to be homogenous for all the sparks was subtracted from the total Al concentration calculated by using Eq. 6 to obtain Ali. The Ali concentration was converted into insoluble Al weight (by using spark weight-48 ng) and later this weight was converted into actual inclusion (Al2O3) weight by using Eq. (4). On the basis of Al inclusion (Al 2 O 3 ) weight, the volume of inclusion was calculated (density of alumina -4 g/cm 3 ). The inclusion volume was subtracted from the volume of the spark (6.12 × 10 -9 cm 3 ). The weight of soluble Al was recalculated with respect to this new spark weight. Two iterations were done in the similar manner to get the actual inclusion weight in the single spark. Finally, the equivalent diameter for this inclusion weight was obtained by using Eq. 5. The inclusion size distribution for the three tundish samples is shown Fig. 7. 
Inclusion Size Distribution
In Fig. 7 , the histograms of the inclusion size distribution obtained from the individual Al peak intensities are given. The pulsogram of the intensities against the spark number is also shown in the adjoining plots. The first 199 sparks are not considered for calculation. The inclusion size distribution shows that the inclusions smaller than 2 μm could not be measured with this technique as the AlT for the sparks was calculated with respect to Al s . It means that the minimum detectable inclusion size which corresponds to Als 
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could not be less than 2 μm.
For Tundish (1) sample, on RHS, most of the peaks (after 199th sparks) are of similar size and slightly above the peaks which corresponds to soluble Al (Als) concentration. On LHS, it can be clearly seen that the number of inclusions for the size range of 2-3 μm are the largest followed by 3-4 μm.
No abnormally large intensity peak is seen in the Al pulsogram for Tundish (1) sample and therefore inclusion size is also limited to maximum 4-5 μm size range. This is also true for Tundish (2) sample where slightly greater peak height (at spark number 750) was seen which corresponds to [6] [7] μm size range.
In tundish (3) sample, on RHS, there is a single large peak at spark number 383 which is by far the highest intensity value. This highest intensity corresponds to [10] [11] 
Inclusion Measurement by Acid Extraction Technique and Scanning Electron Microscopy
The inclusion characterization including size measurement, morphology and phase identification was carried out by extracting the inclusion from the steel by acid dissolution, following the SEM assessment. A steel sample of 0.2 grams was dissolved in 10 ml HCl acid and heated to 90-100°C. Once the steel was completely dissolved, the solution was vacuum filtered and the inclusions were collected on the Nuclepore polycarbonate membrane (25 mm diameter, Nuclepore Track Etch Membrane, Whatman) with 0.2 μm size. These inclusions were carbon coated before subjected to a high resolution SEM (XL30 FEG from Philips) equipped with an EDS spectrometer from EDAX. In order to get the representative inclusion size distribution, photo micrographs at the several spots from the edges and the center of the membrane were taken and then analyzed by using image analyzer Image-pro plus 6.0 for determination of the size and number of inclusions. The observed area of the membrane with inclusions dispersed on its surface was between 0.08 to 0.12 mm 2 . The methodology employed to obtain the inclusion size distribution was comparable to the one employed by the previous researchers. 16) 3.4.1. Inclusion Size, Composition and Size Distribution by the Inclusion Extraction Technique The size, composition and morphology of the inclusions for various Tundish samples analyzed are shown in Fig. 8 and Table 2 .
SEM characterization studies indicated that most inclusions consisted of alumina. However, inclusions like Al-Ti-O were also observed in Tundish (1) samples and rarely in Tundish (2) and Tundish (3) samples. Carbo-nitride inclusions [Ti, Al (C, N)] with size less than 1 micron were found in large quantities in all these samples. The inclusions in the Tundish (1) sample were large in number compared to the other two samples which is quite evident from the fact that it was sampled earlier than the other two samples. The inclusion size distribution shows that the large size inclusions (4-10 μm) also increase in Tundish (2) and Tundish (3) samples in comparison to Tundish (1) sample. Therefore, average inclusion size is also slightly greater in Tundish (2) and Tundish (3) samples as compared to the Tundish (1) sample. Figure 8 indicates that the number of inclusions ranging from 4 to 10 μm is 12% and 13% of the total number of inclusions counted in Tundish (2) and Tundish (3) samples respectively, as compared to Tundish (1) sample in which it is only 7%.
The increase in large sized inclusions can be attributed to the collision and agglomeration of several micron sized inclusions which form polyhedral inclusions with time. 15) Such polyhedral inclusions were common in the Tundish (2) and Tundish (3) samples (Fig. 8) . As inclusion removal process is effective for large inclusions which either join the slag or adhere to the refractory walls, the occurrence of extremely large sized inclusions in liquid steel after a few minutes is rare. Figure 5 which shows the gradual increase in the average inclusion size from Tundish (1) to Tundish (3) sample for 200 industrial heats, does not give information about the inclusion size distribution. Therefore, in order to get the general information about the inclusion size distribution in the tundish samples of the industrial data, the weight of insoluble Al determined in the PDA burn is plotted against N Al-PDA as shown in Fig. 9 . The plots are made for three different samples, Tundish (1), Tundish (2) and Tundish (3).
On the basis of Fig. 9 , it can be stated that, the slope of the line for the Tundish (1) sample is the highest among the three samples drawn for the analysis implying that for the same weight of insoluble Al, a large number of inclusions are obtained for the Tundish (1) sample compared to the Tundish (2) and Tundish (3) samples which lead to the higher average inclusion size in the latter two samples. From Figs. 5 and 9, it can be deduced that the inclusion size measurement by the proposed methodologies is a realistic representation of the inclusion growth theory with time.
Possible reasons for the large amount of scatter in the industrial data (Fig. 9 ) are listed below:
(1) The size of the inclusions is not homogenous. As the inclusion formation depends upon the local supersaturation of Al and O which varies in the melt, leads to the wide inclusion size distribution especially in Tundish (1) sample.
(2) The inclusion sizes may not lie in between the minimum and the maximum detectable range of inclusions. There is constraint in determining the actual minimum inclusion size as those inclusions fall within the 3σ range. For this steel grade containing about 400 to 650 ppm of Al, the minimum inclusion size determined was ~2 μm. The maximum inclusion size which can be determined is around 22 μm for a spark weight of 48 ng if all the matter ablated in a single spark is alumina. Furthermore, the large inclusions disturb the measurement, as those are not eliminated completely in one single spark leading to multiple peaks. Therefore, it is extremely difficult to determine the actual maximum inclusion size in the steel sample with PDA analysis.
(3) The other reason, in addition to the homogeneity of the inclusion sizes and the detectable range of PDA, is that each inclusion shall be completely ablated in a single spark. However, due to electrical charge effects, the sparks were seemed to be concentrated at the steel/inclusion interface. 9) (4) The gradual wear of the tip of the electrode which, is typically, used to create a burn on the steel sample for PDA analysis, can also lead to a slight variation in PDA analysis with time as a blunt electrode tip causes more ablation of steel than that of a sharp tip. The electrodes are replaced time to time. The data plotted in Fig. 9 was collected for a period of 12 months.
Discrepancies in the Average Inclusion Size Measured by the Various Techniques
The comparative analysis of the average inclusion size calculated for one of the specific heats is shown in Fig. 10 . Among the various methodologies employed, the average inclusion size obtained by dividing the insoluble Al weight by N Al-PDA gives the highest values for the three tundish samples followed by individual Al peak intensity and finally, the inclusion extraction technique.
The average inclusion size (approximately 2.2-2.7 μm) measured by the inclusion extraction technique is smaller than the average inclusion size measured by the PDA-OES data (2.5-3.8 μm). The reasons for these discrepancies (i) The minimum determinable inclusion size on the basis of PDA-OES data is dependent upon the quantity of ablated matter in a single spark and additionally, upon the Als concentration in case of inclusion size determination from individual Al peak intensities. Therefore, the inclusions less than 2 μm could not be determined in the present PDA-OES measurement conditions. On the other hand, even the inclusions smaller than 1 μm can be determined with the inclusion extraction technique. However, in the present analysis, Tundish (1) (2) (3)
≤1 μm
Cuboidal Al, Ti (C,N), mostly Ti (C, N) TiN inclusions greater than or equal to 1 μm are taken into account. Therefore, the inclusion size range used for the comparative analysis was different for these techniques.
(ii) The average inclusion size measured by dividing the total insoluble Al weight by the number of Al based inclusions has taken into account all the insoluble Al unlike the inclusion extraction technique where a large number of submicroscopic inclusions were neglected. Majority of the inclusions measured by the inclusion extraction technique falls between the size range of 1-3 μm (Tundish (1) -84%, Tundish (2) -74% and Tundish (3) -72%) while with individual Al peak intensity measurement, the majority of the inclusions fall within a size range of 2-4 μm (Tundish (1) -96%, Tundish (2) -87% and Tundish (3) -81%). The comparison between the fraction of inclusions in the size range of 2-3 μm measured by the individual Al peak intensity technique and the inclusion extraction technique clearly shows the large disparity (Fig. 11) . This gives the possibility that two or more smaller sized inclusions (less than 2 μm) could have been ablated in a single spark.
The possibilities for inclusion's ablation in a single spark are schematically represented in Fig. 12 . As per this schematic representation, a single large inclusion can lead to multiple peaks (type A inclusion in Fig. 12 ) while the two small sized inclusions can lead to a single peak (type B inclusions in Fig. 12 ).
In the inclusion extraction technique, the smaller carbonitride inclusions containing up to 5 weight% Al and submicroscopic alumina inclusions were not counted. The concentration of single Al carbo-nitride inclusion or submicroscopic alumina inclusion is not enough to indicate one large intensity peak which should fall outside the 3σ range. But considering that there are larger numbers of Al carbonitride inclusions as shown in Fig. 13(b) , it is possible that the cluster of such inclusions (Fig. 12 type B) can make the resulting intensity to fall outside the 3σ range. It is even more likely that a small alumina inclusion (less than 2 μm) along with a few carbonitride inclusions ( Fig. 13(a) ) can also make the detectable inclusion size.
Summary and Concluding Remarks
On the basis of above studies, in order to interpret the number of inclusions and the average inclusion size in ULC steel grade by PDA-OES correctly, one should have prior knowledge about the nature of the inclusions present. The Al concentration for this ULC steel grade is 400-650 ppm which is higher than the general low carbon aluminium size by PDA-OES and its influence on the overall average inclusion size determination. In the present study, the inclusion size evolution in ULC steel was studied by three different techniques: (i) obtaining the average inclusion size by dividing the weight of insoluble Al by the number of Al based inclusions and (ii) the inclusion size distribution from the individual Al peak intensity data and (iii) inclusion extraction technique. All of the methodologies imply that the inclusion growth occurs in tundish with time. The possible causes for the discrepancies in the average inclusion size measured by three techniques have been summarized. The work concludes:
(1) The potential of two new methodologies proposed to measure the inclusion size in steel sample on the basis of PDA-OES data, was evaluated.
(2) The average inclusion size calculated on the basis of PDA-OES data i.e. by proposed methodologies was found to be only marginally greater than the average inclusion size measured by the inclusion extraction technique.
(3) On comparing the inclusion size obtained on the basis of PDA-OES data with the inclusion extraction technique, it could be ascertained that the number of inclusions in the ablated volume of matter could be more in number than that determined by the PDA-OES as far as the inclusions smaller than 2 μm are concerned. This suggests that the smaller inclusions (less than the detectable inclusion size by PDA analysis (<2 μm)) facilitate in forming the detectable inclusion size by PDA. 
